Extensive efforts have been made to identify more feed-efficient dairy cows, yet it is unclear how selection for feed efficiency will influence metabolic health. The objectives of this research were to determine the relationships between residual feed intake (RFI), a measure of feed efficiency, body condition score (BCS) change, and hyperketonemia (HYK) incidence. Blood and milk samples were collected twice weekly from cows 5 to 18 d postcalving for a total of 4 samples. Hyperketonemia was diagnosed at a blood β-hydroxybutyrate (BHB) ≥1.2 mmol/L and cows were treated upon diagnosis. Dry period, calving, and final blood sampling BCS was recorded. Prior mid-lactation production, body weight, body weight change, and dry matter intake (DMI) data were used to determine RFI phenotype, calculated as the difference between observed DMI and predicted DMI. The maximum BHB concentration (BHB max ) for each cow was used to group cows into HYK or not hyperketonemic. Lactation number, BCS, and RFI data were analyzed with linear and quadratic orthogonal contrasts. Of the 570 cows sampled, 19.7% were diagnosed with HYK. The first positive HYK test occurred at 9 ± 0.9 d postpartum and the average BHB concentration at the first positive HYK test was 1.53 ± 0.14 mmol/L. In the first 30 d postpartum, HYK-positive cows had increased milk yield and fat concentration, decreased milk protein concentration, and decreased somatic cell count. Cows with a dry BCS ≥4.0, or that lost 1 or more BCS unit across the transition to lactation period, had greater BHB max than cows with lower BCS. Prior-lactation RFI did not alter BHB max . Avoiding over conditioning of dry cows and subsequent excessive fat mobilization during the transition period may decrease HYK incidence; however, RFI during a prior lactation does not appear to be associated with HYK onset.
INTRODUCTION
There has been a concerted effort to select for more efficient dairy cattle to reduce both feed costs and the carbon footprint of dairy production (Connor et al., 2013; Green et al., 2013; Macdonald et al., 2014; Hardie et al., 2015) . Feed efficiency is commonly quantified as residual feed intake (RFI), which represents the difference between an individual animal's observed feed intake and their predicted feed intake (Potts et al., 2015) , where their predicted intake is what they are expected to consume for their production based on a regression of milk energy, maintenance energy, metabolic BW, and BW change (Hardie et al., 2015) . An animal with a negative RFI consumes less feed than predicted and is therefore more efficient (Potts et al., 2015) . Although selection of animals for feed efficiency could result in positive progress in reducing feed costs and environmental impacts, the effect of this selection on other phenotypic traits, such as metabolic health, is largely unknown and further research on the correlation and co-selection of these traits is needed (Hardie et al., 2015) .
Variation in feed efficiency is thought to reflect 5 major processes: feed intake, digestion of feed, metabolism (including variation in body composition, anabolism, and catabolism), activity, and thermoregulation (Herd and Arthur, 2009 ). Mobilization of body stores provides energy, specifically to animals in negative energy balance (NEB). Although changes in BW are accounted for within the RFI calculations, RFI is generally measured during a period of minimal BW and condition Relationships between body condition score change, prior mid-lactation phenotypic residual feed intake, and hyperketonemia onset in transition dairy cows change (Tempelman et al., 2015) . In previous studies, RFI has not been measured during the transition period, the 3 wk before and 3 wk after calving, during which dairy cows enter NEB, rapidly mobilize adipose tissue as fatty acids, and often have elevated circulating ketone body concentrations (Grummer, 1993; Drackley, 1999; Duffield, 2000) . Whereas ketone bodies can be used as a fuel source by some tissues, excessive production of these metabolites can lead to hyperketonemia (HYK) and have negative effects on animal health, production, and profitability (Baird et al., 1980; Herdt, 2000; McArt et al., 2015) .
To successfully use RFI as a selection tool, an understanding of the effect of negative RFI on animal health and longevity is needed. To determine if selection based on RFI will influence subsequent lactation HYK incidence, the associations between body stores mobilization, HYK onset, and RFI were examined. The objectives of our research were (1) to determine the relationship between BCS across the transition period and HYK onset, and (2) to determine the relationship between prior lactation RFI and subsequent lactation BCS change and HYK incidence.
MATERIALS AND METHODS
All experimental protocols were approved by the University of Wisconsin-Madison College of Agricultural and Life Sciences Animal Care and Use Committee.
Transition Cow Study
Study Design and Diets. From October 9, 2014 , until October 30, 2015 , all primiparous and multiparous cows due to calve at the University of Wisconsin-Madison Emmons Blaine Dairy Cattle Research Center in Arlington, Wisconsin, were enrolled in the study. Five hundred seventy-one Holstein cows were enrolled into the study 28 d before their expected calving date. One cow was removed from the study due to severe mastitis and lameness. Previous lactation 305-d matureequivalent (305ME) milk production and genetic merit (milk and fat yield PTA) were recorded for each cow.
Cows were fed a corn silage and wheat straw based TMR during the dry period and a corn silage-and alfalfa silage-based TMR after calving. The feed ingredients and calculated composition for the dry and lactating TMR are shown in Table 1 . During the study, dry cows were housed in a freestall barn and moved to a bedded pack 3 wk before calving. After calving, fresh cows were housed on either a bedded pack or a freestall pen. In addition to being fed a TMR, fresh cows housed on the bedded pack were offered ad libitum dry hay.
Weekly TMR and hay samples were collected, frozen, and later dried at 55°C for 48 h in a forced-air oven to determine DM content and ground to pass a 1-mm screen in a Wiley mill (model #4, Thomas Scientific, Swedesboro, NJ). Ground samples were composited by month and analyzed (Dairyland Laboratories Inc., Arcadia, WI). The nutrient composition of the TMR and hay are shown in Table 2 .
Blood and Milk Sampling. Blood samples were collected after the morning feeding twice weekly to achieve 4 sample time points between 5 and 18 d relative to calving (DRTC) for each cow. Hyperketonemia was diagnosed as blood BHB ≥1.2 mmol/L.
Cow-side BHB testing was completed directly after blood sampling using a Precision Xtra meter (Abbott Laboratories, Abbott Park, IL), a human electronic hand-held blood glucose and ketone body meter that has a sensitivity of 91% and a specificity of 94% for detecting HYK in bovine blood samples when compared with laboratory assays (Iwersen et al., 2009) . Milk samples were collected on the same days as blood samples, during the morning milking. As a part of routine fresh cow management, cows were checked daily with a semiquantitative urine dipstick for the first 10 d postpartum. If a cow tested positive for HYK by the urine analysis on a nonsampling day, a blood sample was collected and tested with the Precision Xtra meter by farm staff. If the cow was diagnosed with a blood BHB ≥1.2 mmol/L, a blood and milk sample were taken that day (if the cow had not yet been milked) or the following day (if diagnosis occurred after milking) and those samples were included in the data set, resulting in 5 samples collected for some cows. After collection of a blood and milk sample, the cow was treated according to the standard treatment protocol for HYK (oral drench of 300 mL of propylene glycol once daily for 3 d).
Milk samples were analyzed for fat and true protein contents by infrared analysis and SCC by flow cytometry (AgSource Milk Analysis Laboratory, Menominee, WI) using a CombiFoss 6600 FT+/FC (FOSS Electric, Hillerød, Denmark), and milk fat content was corrected to account for morning-only milk sampling (DeLorenzo and Wiggans, 1986) . Yields of FCM and ECM were calculated according to NRC (2001) equations. Individual cow milk weights were also collected for the first 30 d postpartum.
BCS. Cows were body condition scored according to a 5-point scale (Wildman et al., 1982; Ferguson et al., 1994) . All cows were body condition scored at 3 time points: −28 DRTC (dry BCS; DBCS), at calving (+1 DRTC; CBCS), and at the time of the last blood sample (LSBCS) around +18 d relative to calving.
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All cows were body condition scored within 3 d of the target by the farm manager and 1 of 2 trained research personnel at each time point. The 2 research personnel were cross trained and evaluated for consistency before being permitted to score independently. The 2 BCS recorded by the farm manager and research staff were averaged for each time point. The single time point measurements of DBCS, CBCS, and LSBCS were allocated to 5 categories: average BCS <3. 0, 3.25 (range: 3.0-3.25), 3.5 (range: 3.26-3.74), 3.75 (range: 3.75-3.99 ) and ≥4.0. The BCS change between CBCS and DBCS, LSBCS and DBCS, and LSBCS and CBCS were calculated by subtracting the average BCS of the early time point from the later time point. The BCS change between the DBCS and LSBCS were allocated (Tempelman et al., 2015) or reported (Weld and Armentano, 2016) previously. Five studies used only 1 ration and the remaining studies used multiple rations; however, it is important to note that ration within experiment was accounted for when assembling animal cohort groups during RFI calculations, and this allows for comparing and compiling RFI values determined across different experiments, experiment stations, and countries (Tempelman et al., 2015) and that RFI is repeatable across high-and low-starch diets (Potts et al., 2015) . Experiment and parity of RFI origin was recorded for each cow in the transition cow study. Repeatability of RFI between lactations has been estimated to be 0.2 (Connor et al., 2013 ) and between 0.1 and 0.35 (Tempelman et al., 2015) . Determination of RFI was by the first step of the 2-step modeling process, as thoroughly described previously (Hardie et al., 2015; Tempelman et al., 2015) . A model for DMI was fitted based on parity, DRTC, milk energy, metabolic BW, BW change, ration within experiment, and time. The RFI was the unaccounted-for difference between predicted DMI and the observed DMI (Hardie et al., 2015; Tempelman et al., 2015) . All RFI data were collected between 50 and 200 DRTC to minimize BW change and reduce error in calculating RFI introduced by extensive body tissue mobilization (Tempelman et al., 2015) . Calculation of RFI was based on actual DMI collection for 56 consecutive days during the 50 to 200 DRTC period. Not all cows on the current study were previously enrolled in an RFI study. Additionally, primiparous cows were not previously eligible for an RFI study as all were done during a lactation. Out of the 570 cows enrolled in the study, 214 multiparous cows had a phenotypic RFI.
Statistical Analysis
All statistical analyses were performed in SAS (version 9.4; SAS Institute Inc., Cary, NC) and significance was declared at P ≤ 0.05 and a tendency was declared at 0.05 < P ≤ 0.10. Least squares means were separated by Tukey's studentized adjustment when P ≤ 0.05 when appropriate. Descriptive statistics were calculated by the FREQ and MEANS procedures. Daily milk yield and weekly milk composition (wk 1 = 5 to 7 DRTC; wk 2 = 8 to 14 DRTC; and wk 3 = 15 to 18 DRTC) data were analyzed using the MIXED procedure in a model that accounted for the fixed effect of diagnosis [not hyperketonemic (nonHYK) vs. HYK], time (week or DRTC), the subsequent interaction, and the random effect of cow. When the diagnosis by time interaction was significant, means were separated by SLICE analysis.
Lactation number, BCS, RFI, previous lactation 305ME, and genetic merit data were analyzed using the MIXED procedure with linear and quadratic orthogonal contrasts when appropriate. In each model the effect of maximum BHB (BHB max ) concentration out of all samples for each cow was the dependent variable and cow was designated as a random effect. The main effect of RFI experiment of origin and relative parity (parity during the transition period minus the parity when RFI was calculated) and the associated interaction was included in the model and removed if not significant. The relationship between BCS and BCS change was conducted using the MIXED procedure with linear and quadratic orthogonal contrasts with cow as a random effect. Relationships between BCS time point and changes were analyzed with PROC CORR. The effect of prior lactation RFI on HYK incidence was examined by grouping cows into quartiles based on RFI using PROC RANK. The effect of RFI quartile on BHB max , BCS, and milk parameters was examined using a mixed model similar to the above model. 
RESULTS

Hyperketonemia Descriptive Statistics
Of the 570 cows enrolled in the study, 112 (19.7%) were diagnosed with HYK. There were 465 (81.6%) multiparous and 105 (18.4%) primiparous cows enrolled in the study. Of the multiparous cows, 103 (22.2%) were diagnosed with HYK and of the primiparous cows, 9 (8.6%) were diagnosed with HYK. The average DRTC at the first positive test was 9.06 ± 0.86 d and the average BHB concentration at the first positive test was 1.53 ± 0.14 mmol/L.
Maximum blood BHB was different (P = 0.0003) by lactation number and was greater (P ≤ 0.0001) for cows in lactation 2, 3, 4, and 5 compared with cows in lactation 1 with a quadratic (P ≤ 0.0001) pattern (Table  3) . Mean BHB max for all lactation groups was below the threshold for HYK diagnosis; however, incidence of HYK followed the same quadratic pattern as the BHB max concentrations (Table 3 ). Diagnosis as HYK or nonHYK was not altered (P > 0.1) by milk PTA (−270 vs. −318 ± 164, nonHYK vs. HYK), fat PTA (−19 vs. −18 ± 5.8, nonHYK vs. HYK), or previous lactation 305ME (36233 vs. 36554 ± 1252, nonHYK vs. HYK).
Milk Composition and Yield
From 5 to 30 DRTC, cows diagnosed with HYK produced more milk (P < 0.0001) than nonHYK cows (Table 4 ; Figure 1 ). We found no diagnosis by DRTC interaction (P = 0.9974). Milk fat content was greater (P = 0.0001) and milk protein content was less (P < 0.0001) in cows diagnosed with HYK compared with nonHYK cows, although we observed no difference (P > 0.1) in milk fat or protein yield. Fat-corrected milk and ECM were greater (P < 0.0001) in cows diagnosed with HYK compared with nonHYK cows (Table 4) . Log-transformed SCC was decreased by time (P < 0.0001) and was greater (P = 0.04) for nonHYK cows compared with HYK cows, although we noted no difference (P > 0.1) between weekly means.
BCS
Expectedly, single time point BCS were correlated (P ≤ 0.0001) with each other: DBCS and LSBCS (r = 0.62), DBCS and CBCS (r = 0.65), CBCS and LSBCS (r = 0.77). Change in BCS patterns were not correlated with a single time point BCS measurement. The change in BCS over the entire period (DBCS to LSBCS) was negatively correlated with the DBCS (P ≤ 0.0001; r = −0.52) and positively correlated the LSBCS (P ≤ 0.0001; r = 0.35), but not correlated with the CBCS (P = 0.18; r = 0.06). The change in BCS from DBCS to CBCS was inversely correlated with the DBCS (P ≤ 0.0001; r = −0.51), correlated with the CBCS (P ≤ 0.0001; r = 0.32), and weakly correlated with the LSBCS (P = 0.02; r = 0.10). Between calving and the last sample, the BCS change was not related to the DBCS (P = 0.27; r = −0.05), but was inversely correlated with the CBCS (P ≤ 0.0001; r = −0.35) and correlated with the LSBCS (P ≤ 0.0001; r = 0.34). The DBCS affected (P ≤ 0.001) the BCS change across the transition period linearly (P ≤ 0.001), with incrementally greater BCS losses for cows with greater DBCS (DBCS 5 = −0.87 ± 0.06 BCS loss, 4 = −0.76 ± 0.06 BCS loss, 3 = −0.58 ± 0.05 BCS loss, 2 = −0.48 ± 0.05 Means without common letters differ (P < 0.05). 1 Blood samples were collected twice weekly from each cow after morning milking and quantified using the Precision Xtra meter (Abbott Laboratories, Abbott Park, IL). Cows were treated upon diagnosis of hyperketonemia (HYK), defined as blood BHB ≥1.2 mmol/L. 2 The number of animals (n) within each group. 3 Minimum BHB max within group. 4 Maximum BHB max within group. 5 HYK incidence calculated as cows with blood BHB ≥1.2 mmol/L divided by total number of cows within the group. 6 Significance of effects for lactation group (Lact) and linear (L) and quadratic (Q) orthogonal contrasts. BCS loss, and 1 = −0.33 ± 0.08 BCS loss). Similarly, the DBCS affected (P ≤ 0.001) the changes in BCS from −28 DRTC to calving linearly (P ≤ 0.001), with a DBCS of 5 to 1 resulting in incrementally greater losses (DBCS 5: −0.55 ± 0.06 BCS loss, 4: −0.40 ± 0.05 BCS loss, 3: −0.27 ± 0.05 BCS loss, 2: −0.16 ± 0.05 BCS loss, and 1: −0.018 ± 0.07 BCS loss). The DBCS did not alter (P = 0.38) the change in BCS from calving to the last sample.
Out of the 3 single time point BCS measurements, BHB max was only altered (P < 0.0001; quadratic P = 0.0025) by differences in DBCS (Table 5) . Cows with a DBCS of ≥4.0 had greater (P ≤ 0.05) BHB max than all other BCS groups. We found an effect (P ≤ 0.0001) of BCS change between LSBCS (+18 DRTC) and DBCS (−28 DRTC) that exhibited a linear (P ≤ 0.0001) pattern with increasing BCS loss over the transition period, resulting in increased BHB max and HYK incidence ( Table 6 ). The effect (P = 0.0002) of BCS change between DBCS and calving was quadratic (P = 0.018) with loss of 0.5 or more BCS units resulting in the greatest BHB max . Change in BCS from calving to LSBCS affected (P = 0.03) BHB max linearly (P = 0.0066).
RFI
Of the 214 cows with RFI, the relative parity difference between this transition cow study and the study of RFI origin was 1 for 102 cows, 2 for 58 cows, 3 for 42 cows, 4 for 11 cows, and 5 for 1 cow. We found no effect (P > 0.1) of RFI experiment of origin, relative parity (between the transition cow experiment and the RFI experiment), or the interaction of BHB max or RFI. When RFI was categorized into quartiles, no effect of RFI quartile on BHB max was observed ( Table 7) . The RFI mean for quartiles 1, 2, 3, and 4 were −1.71 ± 0.088, −0.48 ± 0.039, 0.38 ± 0.038, and 1.93 ± 0.160 kg/d, respectively. Within these quartiles, the respective blood BHB means were 0.95, 0.92, 1.02, and 0.94 ± 0.087 mmol/L and were not different (P = 0.82). Means of BHB max , milk yield, milk fat concentration, BCS, Means without common letters differ (P < 0.05).
1
Blood samples were collected twice weekly from each cow after morning milking and quantified using the Precision Xtra meter (Abbott Laboratories, Abbott Park, IL). Cows were treated upon diagnosis of hyperketonemia (HYK), defined as blood BHB ≥1.2 mmol/L.
2
The number of animals (n) within each group.
3
Minimum BHB max within group. 4 Maximum BHB max within group.
5
HYK incidence calculated as cows with blood BHB ≥1.2 mmol/L divided by total number of cows within the group. 6 Significance of effects for BCS category (BCS) and linear (L) and quadratic (Q) orthogonal contrasts.
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and BCS change by RFI quartiles are provided in Table  7 . Milk yield during the transition experiment lactation was greater (P = 0.003) for cows within the first, third, and fourth RFI quartiles in a quadratic pattern (P = 0.01). A similar quadratic pattern (P = 0.006) in milk yield was observed in milk production data collected during the studies in which RFI was measured, with milk volume yield being the greatest for the first RFI quartile compared with the second quartile, but not different than the third or fourth quartile (46.8, 42.8, 43 .5, a-c Means without common letters differ (P < 0.05).
1
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5
HYK incidence calculated as cows with blood BHB ≥1.2 mmol/L divided by total number of cows within the group. 6 Significance of effects for BCS change (BCS) and linear (L) and quadratic (Q) orthogonal contrasts. 2 Blood samples were collected twice weekly from each cow after morning milking and quantified using the Precision Xtra meter (Abbott Laboratories, Abbott Park, IL). Cows were treated upon diagnosis of hyperketonemia (HYK), defined as blood BHB ≥1.2 mmol/L. 3 Quartile of RFI (n; mean; minimum, maximum): 1 (53; −1.71; −4.12, −0.98); 2 (54; −0.48, −0.97, −0.05); 3 (54; 0.38; −0.04, 0.89); 4 (53; 1.93; 0.91, 7.04). 4 Significance of effects of RFI quartile and linear (L) and quadratic (Q) orthogonal contrasts. 5 Means could not be separated by Tukey's studentized adjustment.
45.6 ± 1.1 kg/d, respectively) during the mid-lactation periods examined. At calving and at LSBCS, BCS decreased linearly (P = 0.03 and 0.01) as RFI quartile increased (Table  7) . Body condition score at −28 DRTC tended to be different (P = 0.06) by RFI but lacked a statistical pattern. Change in BCS from −28 to +18 DRTC differed (P = 0.04) by RFI quartile and tended (P = 0.10) to follow a quadratic pattern, with cows in quartiles 1, 3, and 4 losing the greatest body condition. The loss in body condition from calving to +18 DRTC tended (P = 0.09) to be different by RFI quartile; however, we found no effect of RFI on the BCS change from −28 DRTC to calving.
DISCUSSION
Hyperketonemia
Incidence of HYK in this study was 19.7%, which is lower than previously reported subclinical ketosis (SCK) incidences of 40 to 60% (Emery et al., 1964; Simensen et al.; 1990 , McArt et al., 2011 , which could be a product of the precision management and nutrition of the research farm or the reduced frequency of sampling in the current study compared with previous (McArt et al., 2012) . However, cows in the current study were monitored from 1 to 10 DRTC by the farm staff during daily fresh cow health checks, which likely reduced missed HYK cases. Furthermore, the average BHB concentration at the first positive test was low (1.53 mmol/L), which would support that cases were detected quickly before progression. Given that cows were treated upon diagnosis, our study was not designed to examine severity of HYK; rather, BHB max severed as a quantitative indicator of phenotype for each cow. Mean BHB max for all lactation groups was below the threshold for HYK, but the incidence of HYK within 1st, 2nd, 3rd, 4th, and 5th lactation animals was 9, 17, 25, 29, and 32.4% respectively, which is consistent with previous literature supporting increased HYK incidence as cow parity increases (Andersson and Emanuelson, 1985; Duffield et al., 1997; Vanholder et al., 2015) . The quadratic response resulting in lower BHB max in 6th and greater lactation animals likely represents selection bias that has resulted in culling of cows that consistently have transition cow metabolic disorders.
Milk Composition and Yield
Greater milk yield was observed in the first 30 d of lactation for cows diagnosed with HYK compared with nonHYK cows. A recent study in the Netherlands found that cows diagnosed with HYK at a single time point during the second week of calving produced more milk at the first test day than nonHYK cows (Vanholder et al., 2015) . Greater milk production in cows that develop HYK may be due to increased risk for HYK onset in cows with greater genetic merit for milk yield; however, in the present study, neither the previous lactation milk production nor the genetic merit for milk volume or fat yield influenced HYK onset. The greater milk yield seen in cows diagnosed with HYK compared with nonHYK cows beginning at 5 DRTC, combined with the later average d of HYK onset (9 DRTC), may suggest that higher-producing cows became hyperketonemic due to the high energy demand for milk production during the current lactation.
If left untreated, onset of HYK in the first or second weeks of lactation can negatively affect milk yield (Duffield et al., 1997 (Duffield et al., , 2009 McArt et al., 2012) . We may not have observed a reduction in milk yield after HYK onset due to the low BHB concentration at the first positive test in our study and the immediate treatment after diagnosis, which has been shown to ameliorate the reductions in milk yield compared with cows that are not treated after diagnosis (McArt et al., 2011) . Greater milk fat and lower milk protein percentages in cows diagnosed with HYK in the present experiment are consistent with previously published literature (Duffield et al., 2009; Vanholder et al., 2015) . Both ECM and FCM were increased in cows diagnosed with HYK, which is a function of the observed increase in both milk yield and milk fat content.
Log-transformed SCC was greater in nonHYK cows compared with cows diagnosed with HYK. These results are inconsistent with previously reported literature. In a large study in the Netherlands, no relationship between HYK and SCC was found (Vanholder et al., 2015) . Additionally, a recent meta-analysis reported that cows diagnosed with SCK were more likely to get clinical mastitis and more likely to have a high SCC, but these results must be interpreted cautiously due to the small number of studies that reported SCC data along with SCK incidence (Raboisson et al., 2014) . Although we did detect a significant difference in the logSCC average across all 3 wk between nonHYK and HYK cows, it may be difficult to draw conclusions from these results because the difference was small (1.86 and 1.80, respectively) and was not seen when comparing groups of cows within individual weeks.
BCS
Although BCS is a subjective measure, monitoring BCS and BCS change across the transition to lactation is common practice on dairy farms and serves as an indicator of body fat stores and mobilization. Within the current study, dry cows with a BCS of 4.0 or greater had greater BHB max concentrations than dry cows with lower BCS. Similarly, previous research has noted a 1.6 times greater risk of HYK onset in cows with a precalving BCS of 4 or greater (Duffield et al., 1998) . Other studies have reported that HYK risk increased at a precalving BCS of 3 (Bernabucci et al., 2005) or 3.25 (Vanholder et al., 2015) . Increased risk for HYK was also reported in Norwegian dual-purpose breed dairy cows that had a BCS of 3.5 or greater at calving (Gillund et al., 2001) ; however, no effect of BCS at calving was observed in the current study.
Perhaps more important to metabolic health is BCS change throughout the transition period, because it indicates the degree of body fat mobilization by the cow (Wright and Russel, 1984; Otto et al., 1991; Overton and Waldron, 2004 ). In the current transition cow study, cows that lost 1 BCS unit or more through the transition period had greater BHB max concentrations. Furthermore, BHB max was linearly decreased as BCS loss decreased. Similarly, a loss of one BCS unit has been reported to double HYK risk (Duffield et al., 1998) , and any BCS loss precalving was demonstrated to increase fatty acids and BHB postcalving compared with animals that maintained BCS (Sheehy et al., 2017) . Together, these data support the importance of guarding against BCS loss across the transition period and to avoid excessive precalving body condition. Improving management of dry cow BCS, and minimizing BCS loss during the transition period, could reduce HYK incidence in dairy cattle.
RFI
Given that mobilization of body stores contributes to energy pools postpartum, both changes in BCS and DMI can influence RFI. Although metabolic BW and BW change are accounted for during the RFI calculations, most experiments examining feed efficiency are conducted during a state of minimal BW change (Tempelman et al., 2015) . By accounting for BW change during RFI measurements, the goal is to keep feed efficiency phenotypically independent of body tissue mobilization during that period (Tempelman et al., 2015) . Although this is effective during the measurement period, it is currently unknown if feed efficiency influences mobilization of body stores during negative energy balance, such as during the transition to lactation, and if this would extrapolate to differences in metabolic health. If selection of dairy cows based on RFI is employed, influences on subsequent lactation body tissue mobilization and metabolic health could be phenotypically dependent on RFI.
One of the objectives of the current experiment was to determine if there was an effect of feed efficiency in prior lactations on body tissue mobilization and metabolic health in subsequent lactations. In beef animals, both growing heifers (Kelly et al., 2010b) and postpartum cows (Lawrence et al., 2011) with low RFI had higher fatty acid concentrations, though the opposite was observed for BHB in beef heifers (Kelly et al., 2010a) . Some studies have shown that beef cattle with lower RFI had lower amounts of carcass fat, which may indicate that RFI is related to lipid metabolism (Herd et al., 2003; Nkrumah et al., 2007) . The more severe NEB experienced by dairy cattle postpartum further emphasizes the need to understand the relationship between RFI and metabolic disorders. In this study, we observed no effect of prior lactation phenotypic RFI on BHB max . This lack of relationship could indicate that selection of animals based on RFI will not influence onset of HYK in subsequent lactations. Given that the between lactation repeatability of RFI is not as great as the within-lactation repeatability (Connor et al., 2013; Tempelman et al., 2015) , it could also mean that RFI during mid lactation is not a good indicator of subsequent lactation metabolic health, even if a relationship between feed efficiency and metabolic health exists. If this is the case, determining the influence of RFI on metabolic health will be difficult considering the challenges of determining RFI during NEB. It is also possible that we may have lacked power to overcome animal variability and detect effects of RFI on subsequent lactation HYK with the limited number of animals on the study that had phenotypic RFI values.
Within our study, prior lactation RFI was associated with differences in BCS and BCS change; however, these differences were within a tight range of both BCS and BCS change, which were well within what is expected during the transition to lactation period. Although BCS is not an indicator of BW, relative BCS change and BW change during NEB can both suggest body stores mobilizations. The BCS differences between RFI quartiles may indicate that although RFI is phenotypically independent from BW change during the RFI measurement period; that independence may not be maintained in subsequent lactations, specifically during the transition to lactation period. Although BCS at −28 d was greater (3.5) within the lowest RFI quartile, it was not at or above the 4 BCS cutoff that increased risk of HYK, which supports the lack of association between RFI and subsequent BHB concentrations. Given the early onset of HYK postpartum, it is more likely that the onset of HYK may influence RFI during that lactation, instead of the reverse; however, we were not able to quantify RFI later in the transition cow study lactation. Further research examining the relationship between HYK and RFI, specifically in the transition and early lactation periods of the same lactation, are still needed; however, at this point it does not appear that selecting for improved feed efficiency will increase incidence of HYK in subsequent lactations.
CONCLUSIONS
Within the current research, HYK incidence was lower than previously reported; however, this is likely a reflection of the intense management of transition cows at the research facility. Cows diagnosed with HYK had greater milk production than nonHYK cows, which may support increased risk for HYK in higherproducing cows. Animals with a BCS of 4 or greater before calving, or those that lost more body condition over the transition period, were more likely to develop HYK, emphasizing the importance of avoiding overconditioning of cows in the dry period and excessive BCS loss throughout the transition period. The lack of relationship between RFI and HYK supports the selection for feed efficient cattle without the increased risk of HYK onset in subsequent lactations. 
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